In conjunction with an enhanced system for Agrobacterium-mediated plant transformation, a new binary bacterial artificial chromosome (BIBAC) vector has been developed that is capable of transferring at least 150 kb of foreign DNA into a plant nuclear genome. The transferred DNA appears to be intact in the majority of transformed tobacco plants analyzed and is faithfully inherited in the progeny. The ability to introduce high molecular weight DNA into plant chromosomes should accelerate gene identification and genetic engineering of plants and may lead to new approaches in studies of genome organization.
The ability to stably transfer foreign DNA into plant chromosomes is the foundation of plant genetic engineering. DNA transfer to plants has been accomplished by many methods, including Agrobacterium-mediated transformation, biolistic transformation, and microinjection (1, 2) . However, no method for routinely introducing DNA fragments larger than about 25 kb into the plant nuclear genome has yet been demonstrated. Genes with related functions, such as disease resistance genes in plants, have been found in clusters (3) . A reliable system for transforming large segments (>100 kb) of DNA into plants would make it feasible to introduce a natural gene cluster or a series of previously unlinked foreign genes into a single locus. Such a group of genes could provide resistance to several different pests or pathogens, or it could constitute an entirely new metabolic pathway for production of a novel biomolecule. The integrated "megalocus" would be inherited as a single Mendelian unit and could easily be incorporated into conventional plant breeding programs. Large insert transformation would make it feasible to study the expression of plant genes or gene clusters in their native genomic context and might eliminate site-dependent gene expression, which can be a serious problem in plant transformation experiments. Finally, such a system may make positional cloning applicable to the isolation of genes that encode complex quantitative traits and allow for the transfer of one or more of these genes to various plant species (4) .
The construction of large insert libraries in bacterial artificial chromosome (BAC) vectors has been reported for several plants (5) (6) (7) and animals (8, 9) . These 
MATERIALS AND METHODS
Strains and Plasmids. UIA143 is a recA-deficient derivative ofA. tumefaciens strain C58 (11) . The plasmid pMOG101 is the disarmed (nontumorigenic) pTiB6 plasmid from A. tumefaciens strain MOG101 (12 Plant Transformation. Agrobacterium-mediated transformation of tobacco was carried out as described by Horsch et al. (13) . Potential transformed tobacco calli and regenerated plantlets were identified by selecting for resistance to kanamycin (300 mg/liter). Regenerated plants were assayed by polymerase chain reaction (PCR) (14) . Primers used were as follows: NPTII CAGCCATCGGTCCAGA-3'. Thermal cycler conditions will be made available upon request.
Analysis of Tobacco Genomic DNA. Tobacco genomic DNA was prepared as described by Bernatzky and Tanksley (15) . The DNA was quantified by comparing uncut genomic DNA to a standard curve. The ethidium-stained gel was captured to computer disc by using the EagleEye still video system and Eagle Sight application, both from Stratagene. The data were quantified by using IMAGECALC (16) . Digested tobacco genomic DNA (approximately 8 ,g for each sample) was separated on 0.9% agarose gels. Electrophoresis was carried out for 42-48 hr at 25 V in lx NEB (100 mM Tris HOAc/l mM EDTA/12.5 mM NaOAc, pH = 8.1). DNA was transferred to Hybond N+ membranes by alkaline transfer using the protocol provided by the manufacturer (Amersham). The 150-kb, NPTII, and HYG probes will be described elsewhere. The NR probe is a PCR product generated using primers specific to the tobacco nia-2 gene and pCLS16 (a tobacco nia-2 cDNA clone) as template (17, 18) . NR primer sequences and thermal cycler conditions will be made available upon request. All probes were labeled with [a-32P]dCTP using the random hexamer primer method of Feinberg and Vogelstein (19) . Southern blot hybridization and wash conditions were as described by Bernatzky and Tanksley (15) . Blots were visualized by using a PhosphorImager and IMAGEQUANT, both from Molecular Dynamics, and manipulated by using Adobe Photoshop (Adobe Systems, Mountain View, CA).
RESULTS AND DISCUSSION
Transformation of Tobacco with BIBAC Test Constructs. Table 1 shows the data from two independent experiments in which four different A. tumefaciens strains containing BIBAC2.H150 were used to transform tobacco. Of these A. tumefaciens strains, only those enhanced with additional copies of VirG or VirG/VirE produced transgenic tobacco plants. The VirG protein activates expression of the virulence genes that effect the transfer of the T-DNA from Agrobacterium to the plant cell nucleus (20) . VirE2 is a single-stranded DNAbinding protein that may protect the T-DNA from degradation by endonucleases and may be involved in nuclear uptake of the T-DNA (21) . For a review on A. tumefaciens virulence genes and the process of T-DNA transfer see Zupan and Zambryski (22) . That no kanamycin-resistant calli were obtained for A. tumefaciens strains COR322 and COR324 may, in part, be due to the fact that A. tumefaciens contamination was consistently a problem with these strains. Higher concentrations (OD600 = 0.5-1.0) of Agrobacterium cells improved the efficiency of transfer for the strains containing the additional helper plasmids pCH30 or pCH32. Cultures at lower concentrations reduced or eliminated the contamination for strains COR322 and COR324 but did not produce any transformed plants. It is expected that the additional copies of the VirG protein result in the increased expression of all the vir genes. This shift in the metabolism ofA. tumefaciens may also reduce the growth rate of the bacteria during the transformation process.
Putative transgenic plants that regenerated shoots and roots on selective media were subsequently analyzed by PCR using Restriction fragments that hybridize to NPTII and HYG probes in the genomic DNA isolated from transgenic plants. During the process of T-DNA transfer, the T-DNA is cleaved in the border sequences, transferred to the plant cell, and subsequently integrated into the plant nuclear genome. Because of the cleavage and integration events, the sizes of the plant genomic DNA fragments that hybridize to the NPTII and the HYG probes will be different from the sizes of the BIBAC2.H150 fragments that hybridize to the same probes. GUS, 13-glucuronidase. T-DNA is cleaved within the left and right border sequences. When hybridized to plant genomic DNA that has been digested with restriction endonuclease(s), the NPTII and HYG probes identify the fragments that span the junction of the T-DNA and the flanking plant genomic DNA. Fig. 1 illustrates this analysis. The first group of regenerated transgenic (Ro) tobacco plants that were analyzed had been transformed with A. tumefaciens strain COR320 (see Table 1 ) and had tested positive by PCR for both NPTII and HYG. When the plant genomic DNA was digested with restriction enzymes EcoRV and HindIll as shown in Fig. 2A , or EcoRI as shown in Fig. 2B , hybridization to the 150-kb insert probe revealed that four of the plants had a distinct pattern of fragments nearly identical to that of BIBAC2.H150. We interpret the more intense bands of the fingerprint to be due to the comigration of several fragments, each of which hybridizes to the probe, thereby increasing the intensity of the signal. Note that there is no detectable cross-hybridization of the human genomic insert to the genomic DNA prepared from the wild-type (untransformed) Samsun NN tobacco plant. Two other plants had some fragments in common with BIBAC2.H150 but appeared to have undergone deletion of a portion of the insert. Two additional plants (numbers 189 and 191) were analyzed but are not shown in Fig. 2 . One appeared to have an intact insert, whereas the other was partially deleted. In total, of eight independent Ro transformed tobacco plants analyzed, five (63%) appeared to contain the entire intact 150-kb human DNA fragment. Although this evaluation is based on two different restriction enzyme profiles, it is impossible to rule out that small rearrangements or deletions may have occurred in the T-DNA. Transgenic tobacco plants that had 150 kb of human genomic DNA inserted into the nuclear genome are shown in Fig. 3 . These plants were phenotypically wild type and most were fertile. Similar plant transformation experiments using BIBAC1.Y30 demonstrated that the 30-kb yeast genomic insert is also transferred completely and remains intact (unpublished data).
The various sizes of the restriction fragments identified by hybridization to the NPTII-or the HYG-specific probes indicated that the T-DNA integrated into a unique site in each transformed tobacco plant. Several plants that appeared to contain a single intact copy of 150-kb human DNA also displayed multiple fragments hybridizing to the HYG-specific right border probe. However, only one of those plants (number 171) also showed two fragments that hybridize to the NPTIIspecific left border probe. These results are consistent with the concept that the T-DNA is transferred linearly from the right border to the left border, and therefore resistance to kanamycin should be indicative of complete transfer. Additional copies of the right border sequences, as indicated by the HYG probe, would be present if transfer of the T-DNA was initiated but not completed. Certainly, it is not surprising that all of the integrated T-DNA transfers are not complete. Schroder et al. (23) possibilities for plant molecular biology and for genetic engineering of crop plants. This system should streamline the positional cloning and transfer of desirable traits into agronomically important plants and reduce the concomitant introduction of deleterious traits. It will make it feasible to transform entire genomic libraries into plants to identify desirable characteristics by complementation even without map-based cloning and will facilitate the identification of plant quantitative trait loci. In addition, the BIBAC system may be used to characterize regulatory sequences and/or genes from other eukaryotic systems in an in vivo plant system.
The introduction of large domains of DNA into plant chromosomes may lead to integration site-independent gene expression, as has been reported in mammals (24, 25) . With the advent of the BIBAC system, it may now be possible to clone large enough segments of DNA to study the composition and function of huge structural elements such as heterochromatin and plant centromeres. New approaches to studies of homologous recombination and gene silencing may also be feasible.
In addition, it will be possible to introduce large regions of DNA from heterologous systems to expand studies of eukaryotic genome organization and maintenance.
